For marine taxa with freely mobile larvae, oceanographic features can act as soft barriers 36 by disrupting the larval movements, and ultimately shaping both species and genetic 37 diversity distributional. This study focused on three putative oceanographic barriers 38 around the Arabian Peninsula: the Bab el-Mandeb Strait, the Strait of Hormuz and the 39 upwelling off Oman. We aimed to assess the effects of larval fish traits and ocean 40 circulation on the permeability of these barriers, and thus provide insights on the 41 phylogeographic pattern of coral-dependent fish species along the peninsula. To do so, 42
and vertical migration. Our results showed that the direction and distance travelled by the 48 virtual larvae were highly variable as a function of both the geographic position of 49 releasing site and biannual monsoonal winds. On average, larvae released during the 50 summer exhibited a higher potential for dispersal than larvae released in wintertime. Our 51 biophysical models complement the few existing empirical research on population 52 genetics, and the predictions presented here serve as testable hypotheses to future 53 phylogeographic studies around the Arabian Peninsula. 54 barriers to larval dispersal (Bowen et al. 2016) , mesoscale oceanographic processes such 78 as fronts (Galarza et al. 2009 ), river runoff (Rocha 2003) , and upwelling (Bakun 1996 ; 79 Lett et al. 2007 ) also act as barriers to marine faunal exchange. The permeability of these 80 so-called semi-permeable barriers is taxon-specific and, therefore, affected by biological 81 traits (Ayre et al. 2009 ). 82
In the Arabian Peninsula, zoogeographic and population genetic studies on coral- Hypotheses to explain the distribution of genetic diversity in the Arabian 97
Peninsula usually rely on either parapatric speciation outcomes, which resulted from 98 either repeated vicariance events caused by lowering sea level during the last glaciation 99 or ecological speciation due to the large spatial gradients and temporal fluctuations in 100 physical conditions across the peninsula (Nanninga et al. 2014; DiBattista et al. 2016a,b) . 101
An alternative hypothesis has been attributed to the seasonal upwelling in the Arabian 102 Sea off Oman, which creates unsuitable condition for coral-habitat growth (Sheppard and 103 Salm 1988) and restrict stepping-stone connectivity between both sides of the Arabian 104
Peninsula. In turn, little attention has been given to test hypotheses where the 105 combination of seascape features, ocean circulation and larval traits underling the genetic 106 patterns observed among coral-dependent fishes inhabiting the Arabian Peninsula. 107
In numerous cases, hypotheses in marine ecology are prohibitively time 108
consuming and expensive to be empirically tested, largely owing to the impossibility of 109 capturing the full range of temporal and spatial fine-scale resolution required to make 110 inferences (Cowen and Sponaugle 2009 particles (hereafter called larvae), through space and time. In order to explore the range of 144 dispersal capabilities across reef fishes species, we created 72 hypothetical strategies each 145 of those representing a unique combination of five biological traits that may influence the 146 connectivity: pelagic larval duration (PLD), spawning periodicity, mortality rate, 147 productivity and vertical migration (Table 1) . 148 149
Hydrodynamic model 150
We used the CMS package getdata to download daily ocean current velocity from 151 the three-dimensional and eddy-resolving Hybrid Coordinate Ocean Model (HYCOM, 152 
Biological module 167
We assumed spatial homogenous productivity across the habitats and, therefore, 168 all the 181 polygons released the same number of larvae every 'spawning' event. 169
However, we contrasted scenarios where productivity varies among species. In scenario 170 of high productivity, a hundred of larvae were released from each polygon, whereas in 171 low productivity conditions only ten were released. Here, three seasonal spawning scenario half of the larvae died by the end of the preflexion stage, while in low mortality 192 condition half of the larvae died by the end of the postflexion stage (Table 1) Preliminary sensitive analysis showed no significant difference in the settlement 201 proportion when seeding 100 larvae from the 181 polygons at every either 3 or 24 hours 202 (see Appendix S1 in Supplemental Information). Therefore, the larvae were released 203 from each reef at every 24 hours, which represents a spawning event. This uniform 204 temporal distribution of larvae allows us to assess the effects of the hydrographic 205 variability conditions on larval dispersal (e.g., extreme events, perturbation, instability). 206
Throughout the PLD, the position of each larva was updated every 6 h time-step, and the 207 trajectory information (i.e. longitude, latitude, depth) were saved to output in intervals of 208 24 hours. We accounted for diffusive turbulent motion by adding a horizontal diffusion 209 coefficient. The value of 50 m 2 s -1 was chosen from a sensitivity test where 100 larvae 210 were released from the 181 polygons at every 24 hours (see Appendix S1 in 211 The proportion of survivor larvae that were released from each region i and 216 successfully settled in a downstream habitat patch (i.e., sink habitat) at region j, 217 were plotted as a connectivity matrix. Self-recruitment, i.e. larvae settling within its 218 release location, was represented by the diagonal of the matrix. In order to evaluate 219 the strength and direction of the potential connections on regional scale (e.g., 220
between Red Sea and Gulf of Aden), all cells from each region were merged. 221 222
Biological traits vs. biogeographic barriers 223
To evaluate the effect of the biological traits highlighted in Table 1 on the  224 putative barriers, we relied on a multiple regression approach. Specifically, the 225 effects of both Bab-el-Mandeb and Hormuz strait were measured in terms of 226 permeability, which considers the proportion of surviving larvae that were released 227 from a source habitat, passed through the strait, and successfully settled on the 228 other side. In turn, the effect of the upwelling off Oman was measured in terms of 229 self-recruitment proportion along the Arabian Sea. 230
Provided that the proportions are a continuous variable that can take on 231 values restricted to the interval between 0 and 1, a beta regression model as 232
proposed by Ferrari and Cribari-Neto (2004) was used through the betareg R-233 package (Neto and Zeilis 2010). The beta regression is essentially similar to a 234
Generalized Linear Model (GLM), where it describes the relationship between the 235 response variable Y ! (hereby, proportions) and the predictors X ! (Table 1 ) through a 236 linear predictor η ! . This linear predictor is then linked to the mean of the response 237 E Y ! = µ ! by means of a link function g, such that g(µ ! ) = ƞ ! . In this way, the applied 238 model can be summarized as: 239 
Results

258
Connectivity matrix 259
All the matrices representing the 72 model taxa revealed that connectivity 260 occurred exclusively between neighbor regions, though the strength and symmetry of 261 these connections varied either seasonally or due to larval traits ( Fig. S2 -S4 ). The 262 hardest barrier was observed in the south of the Arabian Peninsula, separating both sides 263 of the peninsula, in other words, larvae that were released from the Arabian Sea, the Gulf 264 of Oman or the Arabian Gulf, did not reach the reefs in the Gulf of Aden or the Red Sea, 265
and vice-versa. This barrier was observed especially in simulations in which the larvae 266 drifted for 20 days. When released during either winter or summer monsoon, 30-days 267 PLD larvae that performed vertical migrations were also not able to cross this barrier. 268 Importantly, the connectivity through the Strait of Hommuz was not symmetric, such that 269 the Gulf acts as a sink habitat specially when the larvae drift for 20 days, with high 270 mortality rate and perform vertical migration (Fig. S2) . 271
Intra-annual variability was evident in the potential connectivity ( Fig. S2 -S4) , 272
suggesting that symmetry of the connectivity was affected by the spawning periodicity of 273 the taxa. For example, in the summer 40-PLD days larvae released from the west side of 274 the peninsula reached the reefs located on the east side. In contrast, during the winter any 275 of these larvae crossed the barrier in this direction. 276 277
Effects of the biological traits on the permeability of biogeographic barriers 278
Graphical evaluation of the model assumptions revealed that all tested models 279 fitted well to the data, and did not violate neither the residual homocedasticity nor 280 independence. Table S1 summarizes the numerical output of the models, and discussed in 281 more detail below. 282 283
Bab el-Mandeb Strait 284
For the larvae that were released in the Red Sea and successfully settled in the 285
Gulf of Aden, only the larval productivity was not significant (Table S1, Fig. 2 ). The beta 286 regression showed that this connectivity was significantly higher during the summer than 287 both during the winter and throughout year. Also, the permeability through the strait was 288 higher for those larvae that performed vertical migration and were left to drift for longer 289 period, though no significant difference was observed between larvae that drift for 30 and 290 40 days. 291
On the other hand, larvae that moved in the opposite direction, from the Gulf of 292
Aden to the Red Sea, showed higher success in the connection during the wintertime but 293 larval productivity did not change the barrier's permeability (Table S1, Fig. 2) . Moreover, 294 a positive relationship was observed between the permeability and PLD, and epipelagic 295 larvae that moved at the surface increased their permeability through the strait compared 296 to those that performed vertical migration. Mortality rate was significant and showed the 297 same tendency of the larvae moving from the Red Sea and to the Gulf of Aden. 298 299
Strait of Hormuz 300
The proportion of larvae released in the Arabian Gulf that successfully reached 301 the reefs in the Gulf of Oman, increased when they were released throughout year or 302 during the wintertime, performed vertical migration, had low mortality rate, and travelled 303 for longer period (Table S1, Fig. 3) . Nevertheless, the chance to cross the strait did not 304 depend on the larval productivity. 305
Likewise, among all biological attributes, only productivity was not significant for 306 larvae that were released in the Gulf of Oman, crossed the Strait of Hormuz and 307 successfully settled in the Arabian Gulf. The probability of this connectivity was higher 308 in the scenarios where the larvae were release in winter, had low mortality rate, did not 309 perform vertical migration and remained in the planktonic environment for longer period. 310 (Table S1 , Fig. 3) . 311 312
Upwelling off Oman 313
All biological traits, except larval productivity, significantly affected the 314 proportion of self-recruitment in the Arabian Sea (Table S1 , Fig. 4 ). The scenario in 315 which a taxon had higher success in self-recruitment occurred during the wintertime or 316 throughout year, and when the 20-days PLD larvae performed ontogenetic migration 317 under low mortality scenario. In turn, larvae produced during the summer, under 318 upwelling conditions, had a slightly more chance to migrate. 319 320
Particles trajectories: seasonal variability of spatial scale and direction 321
The direction and distance travelled by the larvae were highly variable as a 322 function of both the geographic position of releasing site and the biannual monsoonal 323 winds ( Fig. 5 and 6 ). On average, larvae released during the summer exhibited a higher 324 potential for dispersal, especially in areas that are not enclosed (Fig. 5f, 6f ). It was in 325 summer that the movement of larvae southward from the Red Sea was more pronounced, 326
and it was also in this season that many larvae released in the Gulf of Aden reached 327
Omani waters in the Arabian Sea. In turn, during the winter the vast majority of larvae 328 originating in the Red Sea were retained within this area, while larvae released within the 329 Gulf of Aden either moved eastward, though rarely reaching the Omani coast, or moved 330 southward along the Somali coast. 331
In the Arabian Sea, surface circulation exhibited a strong seasonal cycle. During 332 the summer, larvae released along the Omani coast between 54.6˚ E and 56.1˚ E, either 333 moved eastward alongshore toward the Gulf of Oman or sharply turned toward the open 334 ocean. Whereas, larvae released between 57.8˚ E and 59˚ E were exclusively transported 335 alongshore toward the Gulf of Oman (Fig. S5 ). In the winter, even though the larvae 336 along the entire Omani coast moved toward offshore, on average they travelled shorter 337 distances compared to the summer (Fig. 5f, 6f) . 338
On the east side of the Arabian Peninsula, the temporal variability of both the 339 direction and the distance travelled by the larvae was less evident. In the Gulf of Oman, 340 larvae released from the eastern Omani coast tended to move southward and few larvae 341 reached the Arabian Gulf. However, those larvae originating on the top of the Gulf of 342
Oman were able to pass through the Strait of Hormuz, though they did not travel far 343 away. In the Arabian Gulf the patterns of dispersal observed in both seasons were quite 344 similar, larvae tended not to move far away and hence most of them remained in the Gulf. Our results showed that the strength of this barrier is in accordance with the 366 seasonal water exchange pattern between the Red Sea and the Gulf of Aden, which 367 changes from a two-layer surface flow in the winter to a three-layer flow in the summer 368 RSOW forms the deepest and tiny layer (Smeed 2004) . 374
This seasonal variation in the water exchange explains the consequences of 375 vertical migration and spawning periodicity on the permeability of the Bab el Mandab 376 showed in the Fig. 2 . According to our biophysical model, a taxon from the Gulf of Aden 377 that has epipelagic larvae moving horizontally and spawn during the summer has more 378 chance to reach the reefs in the Red Sea. In contrast, a taxon moving in the same 379 direction will decrease its probability to cross the strait if the spawning occurs in winter 380 and the larvae perform vertical migration. Under this condition more larvae will be 381 positioned within the RSOW at deeper layers that flows from the Red Sea to the Gulf of 382
Aden. 383
To date, the strength of this barrier has been debated based on the species 384 distribution and phylogeographic studies. For example, Kemp (1998) part of the strait, and continues northward along the Iranian coast (Reynolds 1993) , 410 however in the spring the inflow is wider and fills the entire width of the strait (Chao et 411 al. 1992 ). On the other hand, the deep outflow is relatively steady throughout year with 412 little seasonal variance (Johns et al. 2003, Swift and Bower 2003) . 413
The stability of deep-water outflow and the seasonal variability at the surface 414 corroborates with the results obtained in our simulations (Fig. 3) . It explains, for instance, 415 the fact that the proportion of larvae leaving the Arabian Gulf did not change seasonally, 416 and increased when the larvae performed vertical migration. From the opposite direction, 417 epipelagic larvae released in the Gulf of Oman had a higher chance to reach the Arabian 418
Gulf, especially during the winter when the inflow surface is highly variable. 419 420
Upwelling off Oman 421
Our simulations showed that the proportion of self-recruitment in reefs along the 422 southern Omani coast was slightly higher in the winter, during the period of no upwelling 423 event. In this season the larvae moved away from the coast but travelled shorter distances 424 Although the effects of offshore transport on coral reef organisms are rarely 433 investigated (but see Roughan et al. 2011) , the effect of offshore Ekman transport on the 434 larval recruitment has been well documented for small pelagic fishes. These studies have 435 described that offshore drift does not favor retention in costal areas and act as a hindrance 436 to larval connectivity (Parrish et al. 1981 ). The Benguela upwelling system, for example, 437 acts as a barrier to some species of phytoplankton, copepods and pelagic fishes between 438
North and South (Lett et al. 2007) . 439
The effect of Ekman transport on the larval dispersal is stronger at the surface 440 (Lett et al. 2007 ). Therefore, larvae that performed vertical migration during the summer 441 presented a higher change to find suitable habitats in coastal areas along the Omani coast, 442 supporting the hypothesis that vertical migration is a viable retention mechanism for coral 443 reef fish larvae (Paris and Cowen, 2007) . Simulations carried out in the Benguela 444 upwelling system, also showed that anchovy larvae at the surface travelled longer connectivity largely varied as a function of biological traits (Fig. 4) . For example, our 456 simulations showed that higher connectivity could be achieved with longer duration of 457 the larval stage, but empirically the importance of PLD to explain biogeographical 458 patterns and population genetic structure is debatable (Weersing and Toonen 2009; 459 Selkoe and Toonen 2011). Because the simple notion that the longer a larva spends in the 460 water column, the higher its potential for dispersal by ocean currents, PLD is a common 461 proxy for dispersal potential in coral reef fish. This expectation is based on the 462 assumption that larvae are largely passive particles, however, fish larvae exhibit strong 463 behavioral preferences including swimming capabilities during their late ontogenetic 464 stages. In addition, variation in PLD can occur among and within marine taxa, especially 465 due to larval responses to environmental stochasticity (Woodson and McManus 2007) . around the Arabian Peninsula. The comparative and cross-taxon models could identify 478 key biological traits and biophysical interactions that limit the transport of 479 ichthyoplankton in our study area. Therefore, we could show that the strength of putative 480 barriers depending on species spawning strategies. The predictions presented here serve 481 as testable hypotheses for future studies on population genetics and fish larval 482 distributions around the Arabian Peninsula. 704   705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733 771  772   773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789 Upwelling off Oman 
